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magnetic and dielectric materials, improved magnetic circuit
modeling, and application of advanced heat transfer techniques.
Computer-aided design methods were utilized and specialized
programs were developed to permit extensive manipulation of
multiple design parameters. One goal, to achieve a specific
weight of 0.25 lb/KVA, was ‘*teeded. A specific weight of
about 0.10 1b/KVA was actually accomplished with a 200 KVA
transformer. It is predicted that in larger transformer sizes,
specific weights of 0.07 1b/KVA can be realized. The other
goals of electrical performance and reliability were also
achieved. The inverter transformers developed in this program
exhibited unusually low leakage inductance and high efficiency.
Higher reliability than conventional transformers should also
be realized due to much lower operating temperatures (ie: lower
thermal stress) on conductors and insulation. The program has
been successfully concluded and two basic transformer/rectifier
unit desiyns (two each at 10 Kw and 200 KW) were fabricated,
demonstrated and delivered.
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This final report was submitted by Thermal Technology
Laboratory, Inc., under Contract P33615-75-C-2014. The
effort was sponsored by the Air Force Aero Propulsion Laboratory,
Air Porce Systems Command, Wright-Patterson AFB, Ohio, under
Project 3145, Task 32, and Work Unit 05 with Mr. Michael P. Dougherty,
APAPL/POD-1 as project engineer. Mr. James P Welsh, of
Thermal Technology Laboratory, Inc. was technically responsible
for the work.

Emphasis on this program was on the development of high voltage,
high power, high frequency, low specific weight, inverter
transformers. A primary intent was the reduction of specific
weight without sacrifice of either electrical performance or
reliability.

Research was conducted into the characteristics of
magnetic and dielectric materials, improved magnetic circuit
modeling, and application of advanced heat transfer techniques.
Computer -aided design methods were utilized and specialized
programs were developed to permit extensive manipulation of
multiple design parameters.

One goal, to achieve a specific weight of 0.25 1b/KVA,
was exceeded. A sgpecific weight of about 0.10 1b/KVA was
actually accomplished with a 200 KVA transformer. It is
predicted that in larger transformer sizes, specific weights
of 0.07 1b/KVA can be realized.

The other goals of electrical performance and
reliability were also achieved. The inverter transformers
developed in this program exhibited unusually low leakage
inductance and high efficiency. Higher reliability than
conventional transformers should also be realized due to
much lower operating temperatures (ie: lower thermal stress)

on conductors and insulation.

The program has been successfully concluded and two
basic transformer/rectifier unit designs (two each at
10KW and 200KW) were fabricated, demonstrated and delivered.
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SECTION I

SUMMARY

This document reports on the conclusion of work conducted
under contract number F33615-75-C-2014, during the period of
July 1976 through March 1979. Previous work is reported in
the Interim Report, number AFAPL-TR-76-102. For a complete
description of all work performed in the overall program,
both this report and the Interim Report must be used in
conjunction.

The emphasis on this program was on the development of
high voltage, high power, low specific weight, inverter
transformers. A primary goal of the program was the reduction |
of the specific weight of inverter transformers without |4
sacrifice of either electrical performance or reliability.

; Research was conducted into the characteristics of magnetic

and dielectric materials, improved magnetic circuit modeling

and application of advanced heat transfer techniques. The
program has been successfully concluded and two basic transformer
rectifier (T/R) unit designs (10 Kw and 200 Kw) were fabricated 3
and demonstrated.

. One of the goals of the program, to achieve a specific

i weight of 0.25 lbs/KVA, was exceeded. A specific weight of
approximately 0,10 1b/KVA was actually accomplished with the

200 KVA transformer. The total measured weight, with rectifiers
included, resulted in a specific weight of about 0.13 1b/KVA.

It is predicted that in larger sizes, specific weights in the
order of 0.07 1b/KVA can be realized.

The inverter transformers developed in this program
exhibited unusually low leakage inductances and high efficiencies.
They should also provide higher reliability than conventional
transformers due to much lower operating temperatures (ie:lower
A thermal stress) on the conductors and insulation. In addition,

: ; the transformers can absorb severe overloads without damage and
without damaging adjacent hardware. This is due to the
capability of the vaporization cooling technique to safely
dissipate large amounts of power.

i B .. e S o




All of the primary efforts of this program have been
succegsfully accomplished:

A 10 KVA inverter transformer was designed, fabricated
and tested.

Two 10 KVA transformer/rectifier (T/R) units (one
liquid-cooled version and one air-cooled version)
were fabricated and delivered.

Regearch was conducted into the characteristics of
magnetic and dielectric materials, improved magnetic
circuit modeling, and application of advanced heat
transfer techniques.

Computer-aided design methods were utilized and
specialized programs developed to permit extensive
manipulation of multiple design parameters.

An experimental 200 KVA inverter transformer was
designed.

Two 200 KVA T/R units were developed, fabricated,
subjected to preliminary testing and delivered.
(Pull load testing awaits delivery of a 200 Kw
inverter. An addendum report will be issued after
completion of the full load tests.)

A high voltage non-inductive load suitable for testing
the above T/R units was designed, fabricated, tested
and delivered.

In addition, the measured performance of both the 10 KW and
200 KW units verified the computer aided design program
predictions, thus successfully establishing the validity

of the programs.




SECTION II
INTRODUCTION
2.1 General

The increasing requirements for aircraft performance,
size, and electronic systems capabilities has placed electrical
power demands on future power conditioning equipment which
can no longer be effectively handled by existing hardware and
the related technology. Pertinent to this program was the
requirement for small lightweight high power magnetics having
specific weights in the range of % lb. per KVA at 400 HZ and
higher. The USAF Aero Propulsion Lab., at Wright-Patterson
AF Base, has sponsored the R&D reported herein with the primary
goal of reducing the specific weight of magnetics without
sacrificing electrical performance and reliability. Emphasis
has been on power, inverter, and pulse transformers. Emphasis on
this contract however, was on inverter transformers only.

Transformers with specific weights in the range of 0.1 to
0.25 1bs/KVA have been sucessfully developed during this program
by TTL. The utilization of improved materials, improved
magnetic circuit modeling, and the application of advanced heat
transfer techniques has resulted in this breakthrough. The
thermal aspects are particularly important to the size and
weight reduction of magnetics. If each conductor in a magnetic
device can be adequately cooled throughout most of its length,
then the current density can be increased and the conductor
crossectional area significantly reduced. This, in turn, results
in a smaller core window and consequently, a smaller core.

It was initially established on the previous TTL contract-
F33615-72-C-1944, that the power, size, and weight limiting
condition in transformers is the rate at which heat can be
removed from the windings, and to a lesser extent, the magnetic
cores. Thus, one of the basic approaches in this research was
to emphasize internal heat transfer in transformers and to
develop thermal techniques that could provide the lowest
practical thermal resistances. This permitted conductor current
densities which were almost an order of magnitude greater than
those in conventional transformers.
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The main thrusgt of the program has been to utilize
modern computing techniques, advanced magnetics analyses
and modeling, and thermal technology backed by extensive
experimentation to develop lightweight transformer design
procedures. Various experimental transformers were designed,
constructed and tested to demcunstrate the validity of this
approach.

The selection of suitable magnetic and insulating
materials has been addressed in this program. The highlights
of thermal analysis and experimentation to evolve controlled
cooling of conductors were previously reported. Electrical
design, magnetic models, and the resultant computer aided
design programs were developed in this contract. This enables
a designer to rapidly study the effects of changes in materials,
geometry, and many other physical parameters.

Lightweight Transformer/Rectifier Units at power levels
of 10 Kw and 200 Kw were designed and fabricated to demonstrate
the new lightweight technology developed under this contract.
Their performance was very consistent with the computer
prddictions and validated the programs.

2.2 Transformer Design

Twe approaches to transformer design were developed. The
first approach, which has been called the steady state analysis
routine, is basically a magnetic circuit approach. This method
uses flux and flux leakage concepts to relate the primary and
secondary in a transformer. The second approach, which has
been called the real time analysis routine, is a coupled
electric circuit approach in which the primary and secondary
are related through their inductances. This has been reported
in Interim Report AFAPL-TR-76-102.

In formulating the governing equations for transformer
design, it was found that the mathematics of steady state design
are not especially complex, but that the design process is
complicated by the profusion of design input variables.
Depending upon the application, between fifty and two hundred




parameters, all interrelated by physical laws and performance
criteria, are required to fully describe a design. Since many
of the relationships are not only non-linear, but are dis-
continuous. the manipulation of these parameters to achieve
optimum results becomee formidable. However, a programmable
calculator can be used for parametric analyses and design,
provided a complete design optimization is not desired.
Complex optimization programs for large machines were also
developed and delivered to the USAF.

2.3 Cooling Techniques

Since vaporization cooling techniques were determined
very early in the previous program to be most applicable to
the high heat fluxes anticipated, much of the thermal in-
vestigation and experimentation was directed to the application
of this cooling method. While a considerable amount of
literature exists on the boiling process, much of it is
empirical in nature and therefore limited in scope, and little
if any 1s directly applicable to the problem of boiling in
narrow vertical ducts as are found in the transformer. The
analyses and experiments were directed at obtaining values
of the maximum attainable heat flux without exceeding the
nucleate boiling regime, and of the minimum channel width
required to insure against the formation of vapor pockets
with the attendant extreme temperature rises and potential
burnout. Other coolina techniques such as direct liquid
cooling and forced liquid cooling are also applicable to
cooling the lightweight transformers, d:pendent upon conducter
current density (ie: heat flux).

Vaporization and liquid cooling application additionally
led to other considerations. Compatability tests indicated
that testing of the materials involved is desirable for a
given application with a specific coolant. The high electric
fields and small spacings typical of reduced size transformers
require detailed knowledge of dielectric breakdown, particularly
in view of the two phase nature of the dielectric coolant.
Dielectric breakdown and insulation relationships and models
were refined and experimentally validated for use in this

T ———




program. Also, the open construction required to provide
coolant passages resulted in consideration of the mechanical
forces imposed on the windings, especially under overload
conditions.

2.4 Specific Compromises

Reduction in weight and size is not always without a
penalty. This penalty is often (but not always) reduced
efficiency. The efficiency of well designed conventional
high power transformers is usually in the neighborhood of
98 to 99.5 percent. The low specific weight transformers
tend to exhibit 2 to 4 percent lower efficiency. This is
a small penalty and often can be easily accomodated when an
external cooling system is provided. This however, does not
mean that low specific weight transformers of the same
efficiency as conventional transformers cannot be built; they
can be, but are somewhat larger and heavier than lower
efficiency units. Users tend to vrefer the lower specific
weight transformer and accept the lower efficiency in order
to realize a lower overall system weight. Another penalty is
a slightly degraded voltage requlation due to the increased
conductor resistances in the windinas of low specific weiaht
transformers. Usually, these are small compared to the
external system resistances and are offset by the relatively
small i1ncrease 1n resistance due to much iower windinag
temperature rises in the low specific weight transformers.
Further, the low specific weight transformers have shorter
total conductor lengths in a agiven winding compared to
conventional transformers, which also tends to offset the
slightly dearaded voltage regqulation. The computer programs
developed permit the tradeoff of transformer gains and
penalties such as weight, size, efficiency, volitage requlation
leakage inductance, and many other parameters with respect to
any qgiven set of transformer requirements.

-
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2.5 Duty Cycle Considerations

The transformers developed under this program are mostly
continuous duty transformers. The time required for the
windings to reach thermal equlibrium in a thermally adequate
design is very short, much shorter than any contemplated
duty cycle. Thus. from the viewpoint of the internal thermal
aspects, the transformers are capable of continuous duty,
However, for intermittent duty applications, the external
cooling system can be reduced in size, weight, and capability
to accomodate the specific duty cycle desired. Thus, a
lightweight transformer system capable of any required duty
cycle can be designed and developed.

There is another class of lightweight transformer which
also can be designed - namely the “"adiabatic transformer'.
These are transformers which are intended for very short
duty application and incorporate relatively high internal
thermal resistances. The duty cycle is limited by the total
quantity of heat the transformer materials can absorb without
attaining excessive temperatures. The transformer must
‘cool down prior to reeneraization.

2.6 Safety and Reliability

The small lightweiaght high power transformers developed
can withstand considerable overload in spite of their small
s1ze. For example the two hundred KVA transformer has a
volume of about 300 Cu. in. When this transformer is connected
to power sources capable of several megawatts, 1t initially
looks like a 'bomb’ i1f an internal fault occurs. However,
because vaporization cooling 1s used, the coolant 1s capable
of safely dissipating very larae powers. Further, the operating
temperatures of the transformers are lower than with conventional
transformers. The overall reliability should equal or exceed
that presently attained because the electrical, thermal and
mechanical stresses on the materials are carefully controlled
desiaqn parameters.




2.7 Terminal and Bushing Considerations

One problem common to these transformers is that of
providing adequate input and output terminals and bushings.
The large currents and/or voltages involved mandate large
conductors or bushings with long leakage paths which are
generally incompatable with the small sizes of the transformers.
For example, with the 200 KW units, the input currents at
10 KHZ are greater than 400 amps and a low inductance is
also required. The terminals and bushings can therefore
constitute a significant portion of the volume and weight of
a low specific weight transformer.
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SECTION III
TECHNICAL DISCUSSION

3.1 Introduction

During the development of the 10 KVA experimental
inverter transformer, new techniques for fabrication of
pie wound transformers were developed which yielded
superior designs. As described in the interim report
(AFAPL-TR-76-102), dated December 1976, this development
was followed by the development of computer aided design
programs for pie wound transformers. Several 10 KVA
transformers were fabricated and subjected to a variety
of tests. Based on the results of these tests., both the
final 10 KVA and the 200 KVA transformers are pie wound.
As a preliminary step toward the design and fabrication
of the final 10 KW transformer rectifier system, a 10 KW
water cooled transformer rectifier unit was designed and
fabricated.

3.2 10 KVA Inverter Transformers
3.2.1 10 KW Water Cooled Transformer hectifier System

The 10 KW water cooled transformer desiaun was based
on the third version of the computer aided "pje wound" design
program. The primary winding 1is of edge wound rectangular
(Approx. 0.125" x 0.05") copper strip, which is mounted on a
"Mylar" insulator disk (Approx. 2&" Dia. % 1/32" Thk.). The
#3°0 AWG secondary windings are mounted on the other side of
the insulator disk and dimensioned so as to match the primary
dimensions. This configuration minimizes leakage inductance
and provides excellent strength. The tape-wound core is a
double-C configuration and is made with 1 mil thick Orthonol.
Each section has external dimensions of approximately
2%" x 2" x 3/4" and is wound to about %" thickness. This
transformer is capable of operation well above 10 KW. The
estimated maximum capability is about 60 KVA.

The prototype water cooled enclosure for the transformer
rectifier system was machined out of a single aluminum block
with internal condensing fins. The transformer and rectifiers
are mounted on a transparent acrylic base plate with all feed
throughs brought out of the bottom. The completed enclosure
is shown, approximately full size, in Fig. 1. It should be noted
that this enclosure configuration is experimental only; For an
operational situation, the enclosure would be different (ie:
thinner wall, Etc.).




Figure 1, Water Cooled Transformer Enclosure (Bottom View)
10




The transformer rectifier unit was completed and tested in
Lec. 1976. It weighed less than 2 lbs. (excluding case and
coolant), for a specific weight of less than 0.2 lbs/KVA. It
was driven at 10 KHz by an inverter operating from 300 V. DC,
and delivered 9200 volts at 1.1 A, to the load. The overall
inverter system efficiency was 89%,

During the later design stages of the water cooled
transformer, the interactive pie wound transformer design
program was modified to include a plot routine which provides
a scaled drawing of the transformer. A typical single-C core
design 1s shown in Fig. 2.

Also, further study of the pie wound design programs
disclosed that the thermal conditions imposed on the transformer
coils are sufficient to predetermine the transformer efficiency.
Thus, the iteration routine is not required. A new non-
iterative program was written for pie wound transformers.

An additional variation was added which permits the incorporation
of flat primary windings. Finally, to minimize leakage inductance,
the program requires that there are the same number of primary

and secondary coils and that their inside and outside diameters
exactly match. It should be noted that the water cooled

inverter transformer was fabricated with all of the above

changes. A drawing of the transformer is shown in Fig. 3.

This design conforms exactly to the actual hardware. The

complete data are tabulated in Fig. 4. A listing of the

pie wound design program is presented in Appendix A.

3.2.2 10 KW Air Cooled Transformer Rectifier System

During the development of the 10 KW air cooled
transformer, a search was conducted for lighter weight
designs which could be implemented with standard cores.
Several different designs were developed, fabricated, and
tested. One of these preliminary designs is specified in
Fig's. 5 & 6. This unit was mounted in a spare case without
rectifiers. Open circuit tests at 10 KHz, and short circuit
tests at 60 Hz were conducted. The results substantially
confirmed the data snown in Fig. 6. This design was then
selected as the candidate for further development. Analysis,
however, continued and indicated that even smaller designs
were possiblé with more dtandard cores becoming available. The
smallest overall design developed on the computer is shown in
Fig. 7. The complete data are tabulated in Fig. 8.

11
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Figure 8. Compact Preliminary Design Data
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The final des:ign selected for the air cooled s stem
incorporates a single "C" core transformer, as shown in
Fig. 9 and tabulated in Fig. 10. The standard core,
of 1 mil Ortnonol, weighs 0.6 lbs. This transformer was
fabricated and installed in a compact c-ylindrical case
with internal condensing fins and an integral forced air
heat exchanger. The case is filled with Freon 113. This
case design,which conforms to the cylindrical shape of the
transformer, was selected to provide data on compact
packaging. The unitrode rectifier stack is located external
to the case, inside a cooling shroud between the transformer
case and an end mounted cooling fan. The compact package
measures about 6 inches O0.D., by 12 inches in length.

(See Fig. 11). Fabrication and testing of this unit was :
completed, and the assembly was delivered to the Air Force,
with a complete drawing package on June 9, 1977,

3.2.3 Transformer Impedance

Additional tests were performed on the water cooled
and the air cooled transformers to determine more about their
impadance characteristics. They were driven with variable
width pulses at a PRF of 400 HZ. The pulse rise time was
about 0.1 4« Sec. The pulse width was varied from 100 to 1 . Sec.
while the input and output waveforms were simultaneously
displayed on an oscilloscope. The waveforms were substantially
identical at 100 ,Sec. and exhibited noticeable distortion
at 10 4Sec. under matched impedance loading. All of these
measurements were made at low excitation. From these
preliminary tests, it appears that the transformer impedances
are well below the maximum specified. These tests have shown
the importance of leakage inductance and shunt capacitance. 1
It is obvious for instance that the LC product should be i
made as small as possible for good wideband or pulse performance.
Expressions for leakage inductance and shunt capacitance were
dexwived for fully interleaved pia wound transformers. The
leakage inductance is expressed in Equation (1).

Ll’ - N;its [L-ﬂ’/‘a‘k';_.: ‘:D;-:;l,’ ':"ﬁ_[["/)y] [t-’ R “.:' f §a) z ‘
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(a) Assemiled

(b) Disassembled

Fiqure 11 - Air Cooled 10 KW T/R Unit
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Where
Nojes - Number of Pies ( K7)
Ao = 3.19 x 10-8 Henries/inch
Ngq = Number of turns per primary pie (K 16)
l 0.8. = Pie outside diameter (primary) (K 38)
} I.D. = Pie inside diameter (primary) (K 37)
i t; = Primary to Secondary insulation thickness (K 87)
tp = Primary Pie thickness (K 40)
te = Secondary Pie thickness (K 39)

Leakage inductance is assigned to array number K 75.

The interwinding capacitance 1is

N, r CL*-TD*)/ 41y (2)

i
~
-~
)
—a

1
«
o
4
—

where
= dielectric constant of primary to secondary insulation (K22)
<o = permitivity of free space

The self-resonant frequency is

T U TN —

$ = ,’/(~I7'Z};T,‘ (3)

These equations were evaluated for the parameters of the water
cooled and the air cooled transformers. The results were close
to the measured values, being low in each case by about 20%.
This contrasts with the same type of calculations for layer
wound transformers, which tend to be high by as much as SO%.

3.2.4 10 KW Inverter Tests

The 10 KW inverter supplied by Power Electronics
Associates, Inc. was integrated with both the air cooled and
the water cooled transformer rectifier units. After the
inverter was tested with a resistive load to verify its
per formance the air cooled T/R unit was connected to the
inverter. The input voltage was increased in 100 volt
increments to a maximum of 600 volts. The input voltage and
current waveforms are shown in Fig. 12, for the inverter

23
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Figure 12,
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operating at maximum power. The D.C. output voltage and
current were 9.2 KV and 0.92 AMPS. respectively. The output
power of 8,464 watts was 15% below rated power, At first, it
was believed that this was due to an error in the transformer
turns ratio computation, but examination of the voltage
waveform in Fig. 12 shows that the peak and not the RMS
voltage was 300 volts. The RMS input voltage was re-estimated
to be about 250 volts. The maximum operating frequency was
measured to be 7,850 Hz, not 10 KHz.

During the testing of this transformer with the inverter
a slight overheating of the case input terminals was detected.
These terminals were 8-32 brass machine screws. Since there
was ample room in the case, they were replaced with 5/16 inch
copper studs, which cured the problem. As previously stated
in Para. 3.2.1, the water cooled transformer unit delivered
9200 volts at 1.1 AMPS, to the load when integrated with the
10 KW inverter. The overall system efficiency was 89% at 10.12 Kw,

The inverter was operated for approximately ten hours
during the testing of both T/R units, with the longest single
run lasting 30 minutes.

3.3 200 KW Inverter Transformers
3.3.1 General

The original plan was for the 200 KW transformer rectifier
system to be a scaled-up version of the 10 KW gystems. As the
work on the 10 KW transformer progressed, it was evident that
direct scaling was not possible. Therefore, based on studies
of the 10 KW systems, significent improvements to the computer
programs were implemented, and a series of new computer
programs were developed on the HP 9830. These programs were
utilized for the design and development of the 200 KW transformer.
See Appendix B for detailed descriptions.

There were new fabrication problems which were solved
during the desiagn of the 200 KW transformer. From the
preliminary design programs, a 155°C unit design was selected
to base the fabrication procedures on. Tests were run on glues,
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epoxies, and insulation materials suitable for this
temperature and acceptable materials were selected.
Experiments in winding large pies were conducted. Eight
inch mandrels were used to wind coils for evaluation.
Problems were encountered with winding wire sizes below
#30 AWG because of the large tangential velocity range.
It was found that the motor speed should be controlled
for constant wire speed through the feed and tensioning
system, to avoid breaking the wire. Some consideration
had to be given to methods of coating the wire during the
coil winding operation, because of the difficulty of
obtaining double coated wire in all sizes. Also, special
care had to be taken to avoid dimensional variations in
the large pie windings, because of the growth of winding
eccentricities with radius. All of the winding problems
were eventually solved and sample large diameter coils
were made which fully verified the fabrication procedures.

An investigation of the selection and packaging of the
rectifiers was also conducted. It was found that single
rectifiera can he up-rated by a factor of five to ten in
current carrying capacity, if properly cooled. An analysis
was made of the uprating possible with certain rectifier
structures immersed in Freon 113. It was found that the
upper limit of operation of the All4 series of General
Electric rectifiers could be raised from the specified
maximum of 1.1 Amperes to 8 Amperes. Fast recovery is
needed only in those cases where additional losses of 10%
cannot be tolerated. It was finally decided to incorporate
the rectifiers in bridge configuration as part of the
individual pies. The rectifiers are mounted on the corners
and along one side of the primary/secondary separation
plates. The rectifiers selected for the final design are
gencral instrument type RGP 30M, fast recovery (500 ns.),
1000 PIV diodes.

It was specified b Dr. Sciwartz of Power Electronics
\$50ciaces, Inc., that capacitors should be installed across
.he DC output of the bridge rectifiers. Centralab 0.0015 ufd,
1700 VDCw capacitors were selected. These are also mounted on
the primary/secondary separation plates. Figure 13 shows the
integration of the rectifiers and capacitors on the pies,.
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The basic transformer design was selected. It is
shown in Fig's 14 & 15. The listing is tabulated in
Fig. 16, These drawings illustrate the transformer assembly
only, and do not address the physical problems of input/output
connectors, case size, inter-pie connections, etc. With this
design, the final fabrication of the T/R unit was initiated.
Some minor modifications of the overall size and pie width
resulted as fabrication progressed.
3.3.2 200 KW T/R Unit No.l

The final case design for the 200 KW transformer
rectifier system resembles that of the water cooled 10 KW
transformer rectifier system described in Para. 3.2.1. The case con-
sists of a 8.62"x7.00"x0.25" (excliudinag terminals) aluminum box with
J.25" thick walls. The high voltage output bushings are mo' nted
directly to the end plates. To facilitate the required
interface with the plasma switch test bed, the low voltage
input bushings are mounted directly to the side plates.
The cover consists of an aluminum plate, with condensing
fins machined on the under side (inside case). The main
body of the cover has channels drilled through it, to provide
passages for circulating cooling water. Appropriate hose
fittings are provided as part of the cover assembly. The
transformer assembly is secured to the bottom plate of the
case by means of a mounting bracket. The heat transfer
considerations for the final design are detailed in Para. 3.3.3
The completed case was leak tested prior to the installation
of the transformer assembly.

The basic design shown in Fig's. 14 & 15 was slightly
modified to accomodate various fabrication problems. One
change that should be noted concerns the winding arrangements
in the transformer assembly. The basic design utilizes
16 primaries in parallel, each parallel path consisting of
two sections. It can be noted that one primary path resulted
with one section at each end of the pie stack. This required
an axial connecting lead the length of the stack, which
presented potential breakdown problems and a significant
difference in resistance of this "end" primary path, with
respect to all other 15 priamary paths. To alleviate this
condition the program was modified to place both end primary

28
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pies at the same end of the stack. The final end design configu-
ration is shown in Fig's. 17 & 18. The core material is 1 mil

Orthonol, #20 AWG wire is used for the primary pies, and
#24 AWG is used for the secondary pies. Both primary and
secondary have 32 pies each. AC input is 570 volts at 504.6
amps. D.C. output is 25 KV at 8.0 amps. The final output
listing is shown in Pig. 19.

All of the secondary pies fabricated for the first
transformer assembly were calibrated with a turns-ratio
bridge at 10 KHz. Also, the assemblies were short circuit
tested prior to installation on the transformer assembly. Tap
changing on the transformer assembly may be accomplished by
moving the positive output connection to the desired pie
assembly. Upon completion of the transformer assembly, the
unit was successfully tested for open circuits and leakage
inductance. Measured leakage inductance of 0.6 uhy was
identical to the calculated value. The final T/R Unit was
successfully tested for dielectric insulation as follows.

a) Primary-secondary (35KV.RMS, with output shorted)

b) Primary-case (1.5KV.RMS)

c) Secondary-case (35KV.RMS, with output shorted)

d) PRV (35 KvV.DC.)
The 200 KW T/R Unit No. 1 was delivered in early February 1978,
to the State University of New York at Buffalo (SUNYAB), for
installation in the plasma switch test bed, per U.S. Air Force
direction.

To date, only pulse testing to 340 KW peak for 6 (six)
10 KHz cycles at a time has been performed.

3.3.3 200 KW T/R System No. 2
3.3.3.1 Modified Design

This transformer differs from that of the first unit in that
it has two independent primaries for operation from two inverter
outputs of 100 KW each. After considerable analysis and discussion
it was agreed with Dr. Schwartz that the average voltage across
each primary winding would be 520 volts. Figure 20 presents
the detailed design output listing. The core material is 1 mil
Orthonol, %24 AWG wire 1s used for both tie primary and secondary
pies, and there are 32 primary and secondary, vies, AC input is
1,040 wvolts at 277.4 amps. DC output is 25 KV at 8.” amps. Figures
21 and 22 show the physical arrangement of T/R Unit No. 2.
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3.3.3.2 Final Design

Prior to fabrication, several additional temporary
modifications to the design program were incorporated (See
Figure 23).

The first modification was a change in the primary
wire gauge, K(30), from #18 to #20. This change was made
because of on-hand availability of the latter wire size in
‘P'-bond wire. The change had no significant effect on the
transformer design.

The second modification consisted of deletion of lines
1450-1460 and 1670-1680, and replacement with:
1450 K(39) = .050
1670 K(91) = .039

These lines formerly computed the thicknesses of the
secondary and primary pies, respectively. The computations
were replaced by statements reflecting the pie thicknesses
as measured on actual wound pies.

The third modification was a change in the thickness
of the circuit board used as a primary-secondary spacer,
K(87). This was originally a 0.031 in. thick board, but
the purchased material was measured at 0.025 in. thick.

Design details dictated a differently sized cooling
space between the secondary pies as opposed to the primary
pies. Consequently, K(52) was set at 0.030 inches for the
secondary cooling space, and K(27) was set at .025 inches
and used for the primary cooling space. Appropriate
changes were made in lines 1780 and 1790.

Since the core window height K(42), was fixed once
the cores were ordered, K(43) was used as a fixed input
parameter and computations of K(43) lines 1830 and 1840
were deleted, and the iteration process implied in line
1850 was bypassed by changing "1190" to 1880". Similarly.
computation of the outside end space, K(20), which formerly
varied with K(43) variations, were deleted (line 1800, and
modifications to lines 1810 and 1980).

A listing of the transformer design parameters using the
revised program is shown in Fig. 24. It will be noted that
the net effect of these changes is negligible in terms of
weight, efficiency, requlation, etc. They simply reflect the
effects of the use of actual physical dimensions instead of
analytically derived dimensions.
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Figure 23. Modified Design Program - 200 KVA T/R Unit No. 2.
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DC QUTPUT OLTHGE=-=  2.5000E+04 S1 REGUMWHT  OH- -=- - - S.S351vE~-0
IHPUT YOLTHGE === 5§, TOGOE+GZ OLING SPRUEs I C---  3.0800E-0,
WIFE RLSISTIVIIV===- 7. 4300E-07 S2 DO OUTPUT CURRENT- 2,000 F+00
CORE RUKING "RCTOR 8, SO0QE-91 54 IHPUT PUMNER ==~ === 2.0251E+@"
FLUX DENSITY~mwemec= 5 0000E+04 S5 INPUT CURRENT == === &, 90 SE+if
FREQUENCY-====-n=ewe 1|, Q000E+D4 S€ PRINMARY LOSG-~---- 7. 7559 E+i,
NO, PIES ~ e J 2000E+0] ST SECUNDARY LOSS- --- 7. 8A95E+|
WIRE DENSITY r====  3,2400E-01 S8 HEIGHT = m-mmmmecmmee & BQOUE +011
! E DENSITY o e 3.0200E-a1 59 WIDTH-=~- - .- S.0000CE+L
EaDIRaL RDJUST - D, 0000E+ 00 68 LENLTH - B, SAHCE+L
JILTRAGE FORM FARCTOR- 1. QOQ0E+0Q 61 PRI, 0.D. - 3.850, E+
FRENT FUORM FRCTOR- 1. 3880E+10 62 SEC. 0.0. . 3, 131 CE+¢
IRE D1 RRTE-~=== 9., 0000E+u1 63 WINDING HEIGHT - 4.SSTE i ]
“E LEG WIDTH-===~- S, Ua00E -1 64 FPRI. MEAN LENGTH -~ 1.9881E+D
IKE LEG DEPTHr-===-- | ,0000E+00 65 SEC. MEFN LENGY 1, P1E2E+00
FRI. TURNS PER PIE~~- 1.6718E+D1 66 PRl. RES,--——- : 3.22BE-&
PUQOL THICKNESS~==-~ &,2500E-02 67 SEC, RES,~===msuw E. 427 E+
15 PR1. INSUL SPRCE---- {.3080E-03 68 COPPER LOSS~~- - 1.956 E+n
19 WINDOW LENGTH ADJ--- ?,5080E-01 69 WINDING vOL, ~- - 1.435 E+ini
8 PRI, SPRCE OQUTSIDE-~- 4,73%0E-01 78 WINDING WEIGHT .- 4,84%3E-0
21 SEC. INSUL SPACE-~--- |,70BBE-0N3 71 CORE VOL, === 1. 600aE+
4 ! c¢ RECTIFIER FRCTOR- === 1., 0108E+010 72 CORE WEIGHT -=- - 4.B30E+0
2% REUTIFIER PRVY======= | 000QFE+03 73 CORE LOSS=-=~~~ - 3. 8E50E+N
24 RECT. FWD. VOLY DROF 1. 18Q0E+uD 74 TOT, PWR., LOSS - 2.800RE +i1
2% BREARKIONN FRCTOR=--=--  1,0000E-0% 7o RECTIFIER LOSSEL~- 5, 632AE+0,
2¢ CORE FORM FACTOR---~ 2,0000E+00 76 LERKRGE INDUCTHHCE 9, 63°0E-0
) 27 COOLING SPRACE«PRIM-- 2,S000E-02 27 TANK VOL,-===~--===- [, ,B6250E+a\
2¢ RECT SAFETY FRCTOR-- 1.2000E+00 78 COOLANT VOL,—~=-==- 1.287SE+@
29 SEC INNER KEEPBRCK-- 2,58Q0E-@f S8 COOQLANT WEIGHT- —=~- T.2P4RE+a
g FR WIRE GRAUGE-===- 2.9080E+01 80 RES, SINHGLE PRI, PlE .98 4E-01.
31 SEI WIRE GRUGE--=--~- 2. 400080 81 RES, SINGLE SEf Plf 2.0023E-21
32 FR HERT TRANS,---- £,0000E+Q0 82 VYOLTS PER TURN - 1.7TORRE+R]
33 SEC, HEAT TRANE,---- 5,500Q0E+060 83 PIE 1.0, ~—===~ i C.0392E+00
34 NOD, PHRALLEL SECS.-- 1.0000E+00 84 PIE Q. D, ===rm=vr == L SRVQE B
$ NO, FARALLEL PRI[S.-- 1.6000E+01 85 SEC OQUTER KEEPEBHCK- <. ORARE-2}
. 36 MR PWR., QUTPUT-==~== 2.00QQ0E+0S 86 TOTHL NO. RECTIFIER! i« 28QGE +Q;
4 7 RECTIFIER WGT., +02-- 4.00Q0E-02 87 PR]-SEC SPRCER- -=-- C.90PRE B
7 38 REUTIFIER THICKNESS- 2.1000E-21 @8 SEPARATION ADJUST--- =1,16S50E-02 ?
& 3% THICKHNESS SEC, PIE-- %,00Q0E-02 8% CAPACITANCE-==- === S.2460E-02
] 2] 40 PRI. WIRE DIR, ===~~~ 3. 1964E-02 G0 8 LAYERSWPRIMAE ~=-- |, 0000E+00
i & 4§ SEC, WIRE DIR ~====~~ 2.8105€E-922 91 THICKNESS PRI. PlE- S.900BE 02
& 42 WINDOW WIDTH-~+====- 1.50Q0E+00 92 SECONDARRY SEFPRFATION  ©,Q0000E-0C
W 43 WINDOW HEIGHT---==-=~=~ S.5000E+00 93 PRIMARY SEFARRRY ON-- [ ,SOQ0E-8: v
; 48 FRI.TURNS PER /PATH- 3.3436E+@1 94 NO. RECTS. PER LEG-- 2.QQ0UE+0d |
i %9 BEC. TURNS~ ~sowacua 1.4936E+03 9% SPECIFIC WEIGHT====- 5. 4556E-02
SPQOL QD) ===emmaca= 1.53%92E+00 96 TURNS RATIQ-===cm==- 4,467QE+01 ’
S$EC. TURNS PER PIE-- 4,667SE+01 37 BRIDGE INPUT VOLTAGE |,S82SE+03 g
® LAYERSsSEC, v=»=====- 2.0000E+00 98 AC OQUTPUT VOLTAGE--~ 2.5320E+04 ¥ /
EFFICIENCY~»=womnsma 9.8762E-0! 99 AC QUTPUT CURRENT=--- 1,104QE+0!] ﬂl)/
TOT. WEIGHT=--=--==- 1.2911E+01 100 WIDTH ADJUST----n-mn 1,0000E+00.*
F
Pigure 24. Design Parameters - Modified Program
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3.3.4 200 KW T/R Unit Heat Transfer System Design

Heat transfer from the heat source in the 200 KW T/R Unit
occurred primarily through three paths in series:

(a) Heat transfer from the sources into the coolant (F113) ]
by nucleate boiling at the source surface.

(b) Heat transfer from the coolant vapor to the lower
finned surface of the cover by condensation, with
gravity liquid (condensate) return.

(c) Heat transfer from the cover (condenser) to the water
coolant.

Other heat transfer paths (sides, ends & bottom of
container) to the environment were assumed negligible.

At final assembly, all air was purged from the transformer
system, resulting in only F1l13 (ligquid or vapor) being present
within the case. Since the case was of fixed internal volume,
the internal pressure varied as a function of the Fll3 temperature.
Any component heated above the temperature of the surrounding
F113 liquid produced local boiling since the internal pressure
was the vapor pressure of the bulk liquid.

Three heat source types were evaluated with reference to
their temperature rise above the bulk Fl13 liquid: (a) primary
and secondary pie windings, (b) diodes, and (c) core.

i 3.3.4.1 Pie Windings 1

The heat dissipated in the primary and secondary windings
was given by the transformer design program (K32 and K33) as
29.5 and 23 watts/sqg.in respectively. In a liquid, such as
F113 the temperature rise may be determined by:

t =5.2q 0.293 . (4a)
or
t = 9,36 q 2% p (4b)

where t = gurface temperature rise
q = heat transfer rate, watts/sq.in.

Por the primary and secondary pie windings, this results
in surface temperature rises of 14.0 and 13.0°C respectively.
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3.3.4.2 Diodes

The heat is generated at the diode junctions and transferred
primarily through the leads. The average loss per diode is
4.4 watts, or 2.2 watts per lead. The leads are .375 inch long
(neglecting terminals), and 0.05 inch diameter, having a
surface area of 0.059 sq.in.., an average heat transfer rate
of 37.35 watts/sq in, and an average temperature rise of 15°C,
However, because of the high surface heat transfer rate the
effectiveness of the lead in transferring heat to the Freon
is estimated to be about 70% because of the axial temperature
gradient, and the temperature rise at the base of the lead
with respect to the bulk fluid temperature is estimated to be
21.4°C. The internal resistance of the diode 1s assumed at
15 C/watt. The internal temperature rise is 15 x 2.2 = 33°C,
Thus, the junction temperature rise with respect to the bulk
F113 temperature is 54.4°C. Since the Freon boils at 47°c (1), the
junction temperature is 101.4°C.

3J.3.4.3 Core

The core dissipative area is approximately 32 square
inches (side surfaces only). The surface heat transfer rate
is 380.96/32 = 11.91 watts/sqg.in. The core surface temperature
rxseoat this rate is 10.7°C: the core surface temperature 1is
ST.7T €.

3J.3.4.4 Condensation Process

The lower surface of the top cover is vertically finned
to provide condensation surfaces for the Fl13 vapor. The heat
transfer coefficient for condensation is given by

%
h = 0.943 [Pg2gk A ] (5)
5

3
7 L F J

(1) DuPont Bulletin E-11, pg 9.
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where .

= heat transfer coefficient BTUH/(sq ft-F)

= liquid density (93.1 for F1l13), lbs/cu.ft.

= 4.17E8 ft/hr?

= fluid conductivity (0.0335), BTUH/(ft.F)

latent heat of vaporization (63.12)BTU/1b.

= liquid viscosity (1.14), 1b/(ft.hr)

= fin length, ft.

= temperature difference, fin-to-condensate deq.F.

-

~
-

mEre »xXar
"

Substituting the values for Fl13
1 5
= 377.73 (e
h 2 3 ( iF )

This value must be modified by appropriate factors for fin
effectiveness.

The effectiveness n, 1s defined as

n = tanh (alL)/aL

where
tanh (aL) = hyperbolic tangent alL
a = 42 h,;ipt
xp = fin thermal conductivity BTUH/(sq.ft-F)ft)

t

i

fin thickness, ft.

The overall heat transfer equation is defined by
Q=hnsSF

where

Q
S

heat transfer rate, BTUH(= 3.413 watts)
condensation surface area, sq ft.

i

Numerous combinations of fin thickness and fin spacing were
evaluated for the temperature difference, F, when transferring
8,500 BTUH (2490 watts). In general, F is minimized by small
fin thickness and spacings, since these provide greater surface
area, S, for a given plan area. For ease of fabrication, and




to prevent condensate bridging between fins, fin thickness
and spacing were set at 1/16 inch. The attached curve
(Fig.25) ,shows the effect on F of varying fin length, L.

p Fin length was set at 3/8 inch, vyielding a temperature

3 difference of approximately Z21F (11.7C).

3.3.4.5 Water cooled cover

The condenser fins and cover are cooled by water flowing
through passages driiled in the cover. Various passage sizes
and series/parallel passage arrangements were evaluated to
determine a suitable combination of temperature rise and
pressure drop. The configuration finally elected consists
of six % inch cooling passages in parallel, each 5 inches
long, served by a 3/8 inch diameter inlet and outlet headers.
Figure 26 shows the temperature difference and pressure drop
of this arrangement, as a function of flow rate. It is :
recommended that approximately 4-5 GPM of water be maintained
in the system, although satisfactory results can be obtained
with as little as 1 GPM, 75 F inlet water.

3J.3.4.6 Temperature Limitations

Transformer pies: Limited by wire insulation : 356F(180 C)

f Core 212F (200 C)
Diode junctions 302F (150 C)
F113 (limited to 20PSIG internal pressure) 179 ( 77 C)

3.3.4.7 Temperature rise summarv

Primary pie to Fll13 14.0C

Secondary pie - to - Fll13 13.0C

Core - to - F113 10.7C

Diode Junction - to Fl13 54.4C

Condensate (Fl13) - to - cover 11.7€

Cover - to - water Function of GPM
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pTr' R e————_—

Representative Temperature (°C) as function of GPM (75 F water inlet)

___GPM SR it HE IR T,

o r TR W N M T 10
At. cover-to-water 43 18 SRR T e S
Primary pie 86 . 60 . 5% ' 50
Secondary pie 87 : 61 . 56 51
Core 90 | 64 | 58 54
Diode junction 133 | 107 ' 101 97
F113 79 ' 54 | 48 42
Internal pressure,PSIG| 23.3 | 4.7 ) 0 | =1.7

3.3.5 200 KW T/R Unit

Figure 27 shows the assembled 200 ¥W T/R Unit. Outside
dimensions are 8.,52" x 7.00" x 6.,25" (excluding terminals).
Total weight when filled with Freon is 26 lbs., thus providing
a specific weight of 7,13 lbs. per KW as an example of our new
lightweight magnetics technologvy.

3.3.6 200 KW Resistive Load

A 200 KW resistive load was designed and fabricated for
test and evaluation of the 200 KW T/R systems. The load was
initially intended to dissipate 200 KW, the full output of a
T/R Unit for periods of two minutes out of every thirty minutes
and to provide 40 KV of insulation to ground. A continuous
duty 200 KW load was developed. The load consists of two
separate 100KW sections of OHM-WEVE resistive grid assemblies.
Each section is contained in a portable wood enclosure with a
cooling fan. Fiqure 28 shows an outline drawing of one such
enclosure. The resistor grids and cooling fan specifications
are as follows:

Resistor Bank - OHM WEVE Resistor Grid

200 KW, 25KV @ 8 AMPS, 3125 ohms.
35 in. x 44 in. x 22 in.
Cooling Fan - Dayton, vertical mount propeller fan
30 in. blade dia., 485 RPM
CFM: 7,550 free air
1/3 HP, motor, 1725 RPM, 115V., 60Hz.

The two load assemblies were completed in August 1977, and
stored at the State University of New York at Buffalo, for final
integration with the Plasma Switch Test Bed.
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SECTION IV
CONCLUS IONS

All of the primary efforts of this program have been
successfully accomplished:

® A 10 KVA inverter transformer was designed, fabricated
and tested.

® Two 10 KVA transformer /rectifier (T/R) units (one
liquid-cooled version and one air-cooled version)
were fabricated and delivered.

® Research was conducted into the characteristics of
magnetic and dielectric materials, improved magnetic
circuit modeling, and application of advanced heat
heat transfer techniques.

® Computer-2ided design methods were utilized and
specialized programs developed to permit extensive
manipulation of multiple design parameters.

® An experimental 200 KVA inverter transformer was
designed.

® Two 200 KVA T/R units were developed, fabricated,
subjected to preliminary testing and delivered.
(Full load testing awaits delivery of a 200 KW
inverter. An addendum report will be issued after
completion of the full load tests.)

® A high voltage non-inductive load suitable for testing
the above T/R units was designed, fabricated, tested
and delivered.

The overall intent of this program, to reduce the specific
weight of inverter transformers without sacrifice of either
electrical performance or reliability, has been realized.

The goal of achieving a specific weicht of 0.25 1b/KVA was
exceeded. A specific weight of approximately 0.10 1b/KVA

was actually accomplished with tne deliverable 200 KVA
transformers. Electrical performance was not sacrificed: the
final design of the inverter transtormers had unusually low
leakage inductance and high effeciency. Reliability is

expected to be considerably higher than conventional transformers
because of the considerably reduced internal operating temperatures
(ie; lower thermal stress) on conductors and insulation. In
addition, the transformers can absorb severe overloads without
damage, due to the capability of the vaporization cooling
technique to safely dissipate large amounts of power.
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The total measured specific weight of the complete
200 KVA T/R units (ie: rectifiers included) was about 0.13
1b/KVA, It is anticipated that in larger units, specific
weights of the order of 0.07 1b/KVA can be realized. Also,
production units can be made even lighter since lower weight
case construction can be designed. The case design of the
units delivered under this program was deliberately made
heavier than necessary for experimental safety reasons.

Finally, a comment regarding the vaporization cooling
fluid must be made. DuPon§ Freon 113 was used in this program
primarily for convenience and economy. It is of relatively
low cost, and was readily available. Freon 113 however, has
a boiling temperature that is lower than what the Air Force
may ultimately choose to use. Several varieties of coolants
such as other Freons and fluorocarbons have been developed.
They have higher boiling points than Freon 113 and have
essentially identical thermal characteristics. These coolants
will meet military specifications without the need for high
pressure case desians.
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1940 FORMAT F3.011%E12.49yF6.0) 1% E12. 4

1960 DATA "OUTPUT YOLTARGEs+====-REGULATION======cc="
1970 DATA "INPUT VOLTAGE==w====NMIN COOLING SPACE==-"




LRG0 DATA "WIRE RESISTIVITY====0UTPUT CURRENT=====- “
A0 DATA "CORE STACKING FACTORINPUT POWER========- "
) DATH "FLUN DENSITY=mmeee—- INPUT CURRENT-======- 3

Ul DATH "FREQUENCY ===emececmee FRIMARY LOSS===re==e= L

CREN DATA "NO, PIES==mmemececee- SECONDARY LOSS====== "

2030 DHTA "WIRE DENSITY==eeeee- SEC LOSS PER PlE==--"

2040 DATA “CORE DENSITY=~emee==- PRI LOS8 PER PlE==~-"

2050 DRTA “COULANT DENSITY=emeemeecccmccacccccccccce= "

000 JIATH Meemmececc e e e—— PRI, HEIGHT========= "

<078 DATR "=eececccccccccccnc=- SEC. HEIGHT-======== .

2000 DATA "CORE DISS. RATE====-- deDING HEIGHT ====== .

2899 DRTR "CORE LEG WIDTH=w=====P PRI. MEAN LENGTH===-~"

2100 DATAR "CORE LEC DEPTH======- SEC. MEAN LENGTH===="

2119 DATR “"PRI. TURNS PER PIE--PRI. RES,=======ec== -

Ciow DATE "SPOOL THICKNESS====- SEC. RES,-====m===== .

TRTR "PRI. TURN SPRACE----- COPPER LOSS========= '
DATA "PRI. PIE SPACE==~~=- INDING YOL, ~m=—=—e=
DAt "PRI. SPACE QUTSIDE--WINDING WEIGHT======
DATA "SEC. TURN SPRCE-===-- CORE YOL, »w=vesansue
DATA “=memmeeeeeccceccaan— CORE WEIGHT========= :
IRTH “===emmememcmeeceenee CORE LOSSm--=======- .
DATR "o~ s oo s asion TOT. PWR. LOSS=====-~ .
VATH "GFEAKDOHN FACTOR=======me-ceecceececa——— .
DATA "CORE FORM FACTOR=-=====secccecccccccccce- i
DATA "CUIL SURFACE ARER-=--TANK VOL,==========-- .
TRTA "PUR., INCR,==w=ceece== COOLART VOL, ~====we o
DATA "SEC INNER KEEPBRCK--COOLANT WEIGHT=====- i
IOTA "PRI. HIDTH=-=ee=c=e=- RES. SINGLE PRI. PIE"
DATA "SEC., WIRE GRUGE-=---- RES. SINGLE SEC. PIE"
DATA "MAX PRI. HEART TRANS.VOLTS PER TURN====== %
DATA “MAX SEC. HEAT TRANS.SEC. PlE l.D,=~=ww== i3

53 DATR "NO. PARALLEL SECS.=-SEC-PIE 0.D,===--=-- g

300 DATH "NO. PA ARALLEL PRIS.--SEC OUTER KEEPBRCK--'

InTH .nﬁu PR, CUTPUT === crccmc e r e e mcea
DATA "PR1. l.D: ===weeuscas PRI-SEC SPACER-====-

DATR "PRI. Dl ==vecenancns SEPARATION RDJIUST==="
i@ DATH "THICKNESS SEC. PIE--CJRE IDENTIFICATION=-"

50 DATA "PRI. THICKNESS====-- SEC 0.D. ADJUST===== -
360 DATA “"SEC., WIRE DIR,=====-- TOT. H;HTING RATE==="
V DHTH "WINDOW WIDTH=======-/SSEMBLY SEPARATION-"
50 DATA "WINDOW HEIGHT===mecccccccecrccnencn =
3 DATA "PRI. TURNS==ecceacacccmcmencacnn—-" —m—————
DATA "SEC. TURNS==e-ecec<a SPECIFIC WEIGHT=====

3 DATA "SPOOL 0.D,====e===== TURNS RAT 10>~ -o=wnan

20 DATA "CEC, TURNS PER PlE==-=ccsmcecce=- ——————
IATA "SEC 1.0, AIJUST==-ecmccwccccaccccccccea -

O DATA "EFFICIENCY==emecemaanaa" ccecccoas ceccanan

2450
246D
2470
2480
2499
2569
2519
2520
25320
2540
295%0

IATAR "TOT. WEIGHT========-PkR., OUTPUT=-===e===
PEINT TRB99

END

PRINT "INCONSISTENT PRRAMETERS"
GosUB 1860

GOTO 1899

END

IF K(261=2 THEN 2S54@

LINK 12,1000,1088

LINK ©,1000,1090

END
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APPENDIX B

HP 9830 COMPUTER PROGRAMS

There are a total of six computer programs which were
utilized for the design and development of the 200 KW
transformers. These programs are identified by track
No., as follows:

Track #0 - Single point design program

This program computes a transformer design for a
given set of input parameters, both fixed and variable.

Track #1 - Design Program., Single variable ranging.

This program is similar to track 0, except that it
generates a series of designs by allowing any one of the
input variables to be varied through a specified range.

Track #2 - Output Listing

This program is linked by the design programs to
provide an output listing. It would normally be a part of
the design programs, but has been placed on a separate track
because of machine memory limitations.

Track #3 - Desian program, Multiple variable ranging.

This program allows the selection of up to S5 variables
which may be varied through specified ranges, Up to 5
selected output variables are printed out for each design.
It is normally used for coarse ranging, followed by use
of track O or 1 for finer design.

Track #4 - Plot program

This program generates side and end views of the
transformer, as in Fig. B-1l.

Track #5 - Plot program, Top view.

This program generates a top view of the transformer
as in Fig. B=2,
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